Platelets subjected to elevated levels of fluid shear stress in the absence of exogenous agonists will aggregate. Shear stress-induced aggregation requires von Willebrand factor (vWF) multimers, extracellular calcium (Ca2+), adenosine diphosphate (ADP), and platelet membrane glycoprotein (GP)lb and GPllb-llla. The sequence of interaction of vWF multimers with platelet surface receptors and the effect of these interactions on platelet activation have not been determined. To elucidate the mechanism of shear stressinduced platelet aggregation, suspensions of washed platelets were subjected to different levels of uniform shear stress (15 to 120 dyne/cm2) in an optically modified cone and plate viscometer. Cytoplasmic ionized calcium ([Caz+]i) and aggregation of platelets were monitored simultaneously during the application of shear stress; [Caz+]i was measured using indo-1 loaded platelets and aggregation was measured as changes in light transmission. Basal [Ca2+li was approximately 60 to 100 nmol/L. An increase of [Caz+]i (up to >1,000 nmol/ L) was accompanied by synchronous aggregation, and both responses were dependent on the shear force and the presence of vWF multimers. EGTA chelation of extracellular CaZ+ completely inhibited vWF-mediated [Caz+]i and aggregation responses to shear stress. Aurin tricarboxylic acid, which blocks the GPlb recognition site on the vWF monomer, and 6D1, a monoclonal antibody to GPIb, also completely inhib-ON WILLEBRAND factor (vWF) is a complex multi-V meric plasma protein that is essential for establishing a stable platelet plug at sites of vascular injury. The importance of vWF is demonstrated by the severe hemorrhagic diathesis suffered by individuals with quantitatively deficient or qualitatively aberrant vWF (von Willebrand's disease).' vWF may be particularly important in arterial hemostasis and thrombosis, where elevated levels of fluid shear stress (up to 400 dynes/cm*) are found.24 vWFmediated platelet aggregation has been demonstrated when pathologic levels of arterial wall shear stress are applied to platelet-rich plasma or washed platelet suspensions in the absence of any exogenous agonist.5g6 Shear stress-induced platelet aggregation requires either large plasma vWF multimers or unusually large vWF multimers released from platelets or endothelial cells, and does not require chemical modification of vWF or the presence of ristocetin or b~trocetin.~ Other components necessary for shear stressinduced vWF-mediated platelet aggregation include adenosine diphosphate (ADP) released from blood cells, calcium (Ca2+), and metabolizing platelets with intact membrane glycoprotein (GP)Ib and GPIIb-IIIa.5,6
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MATERIALS AND METHODS
Washed platelet preparation. Blood was obtained from healthy individuals who had not ingested any medications for 2 weeks before donation. The blood was drawn into 15% (vol/vol) acidcitrate-dextrose (ACD). Platelet-rich plasma (PRP) was obtained by centrifugation at 15% for 15 minutes. pH of the PRP was adjusted to 6.5 with ACD, and the platelets were pelletted by centrifugation at 1,900g for 15 minutes. The platelets were resus- For experiments with vWF. purified vWF multimers were added to the washed platelet suspensions. The vWF multimeric forms were purified and fractionated from normal human cryoprecipitate as described previously: and the vWF antigen levels of the purified fractions were quantified by solidphase immunoradiometric assay (IRMA)." vWF multimers were separated by sodium dodecyl sulfate (SDS)-1% agarose gel electrophoresis, overlaid with rabbit lZI-antihuman vWF polyclonal antibody, and analyzed by
The purified vWF forms used in this study were enriched in the largest multimers found in plasma.s Unless otherwise specified, a 100% antigen level (100 UldL) was added to the washed platelet suspensions.
Cone ond plate vkcomerer. Washed platelet suspensions were subjected to fluid shear stress in a cone and plate viscometer (Ferranti Electric, Inc. Commack. NY). The viscometer was modified opticallyP to simultaneously measure platelet aggregation and [Ca2+]i (Fig 1) . Aggregation was measured by monitoring light transmission through the sample using a collimated beam of light at 690 nm incident on a photomultiplier tube interfaced with a computer. Aggregation was calculated using the following formula: percent aggregation (%T) = 100 x (T -TolTb -TO) where TO is the initial light transmission of the washed platelet suspension; Tb is the light transmission of buffer; and Tis the light transmission of the platelet sample during shear. Platelet particle number was vWF preparation. measured using a Coulter ZBI with a channelizer interfaced with a computer as previously described." For shear experiments, purified vWF multimers were added to indo-1 loaded platelets and the mixture (600 pLvolume) was then placed on the viscometer platen. The application of shear stress and the measurement of light transmission and fluorescence signals were started simultaneously. All shear experiments were performed at room temperature.
EGTA ond Mnz+ erperimenrs. Indo-1 loaded platelets were resuspended in buffer without added Ca2+. Just before the viscometer experiments. either 1 mmol/L EGTA or 1 mmollL CaCl2 was added. For experiments with MnZ+, the loaded platelets were resuspended in buffer with 2 mmollL CaC12. Just before the viscometer experiments, varying concentrations of MnC12 (0 to 4 mmol/L) were added. Dialyzed fractionsof ATA polymers (Sigma) greater than 2,500 daltons were prepared as previously described.I3 Purified vWF multimers were incubated with ATA (6 pglmL final concentration), or its vehicle, Aurin tricarboxylic acid (ATA) and RGDS experiments.
Indo-1 Loaded
Photomultiplier ~ Tubes Platelets with Attached Filters The tetrapeptide RGDS (arginine-glycine-aspartic acid-serine) was obtained from Calbiochem (La Jolla, CA). Washed platelet suspensions were incubated with RGDS (ZOO p,mol/L), or its vehicle, for 1 minute. This concentration completely inhibits platelet aggregation caused by ligand binding to GPIIb-IIIa.14~15
Purified murine MoAbs 6D1 (against GPIb16) and 10E5 (against GPIIb-IIIa17) were generously provided by Dr Barry S. Coller (State University of New York Health Science Center at Stony Brook). Washed platelets were incubated for 5 minutes at room temperature with either 6 pg/mL of 6D1 or 10 p,g/mL of 10E5. These concentrations completely inhibit aggregation associated with ligand binding to GPIb or GPIIb-IIIa, re~pectively.~~J~ Creatine phosphate (CP, Sigma), 5 mmol/L, and ZOO U/mL creatine phosphokinase (CPK, Sigma) were added to platelet suspensions immediately before viscometer experiments. ASA-treated platelets were prepared by either the administration of 640 mg of ASA to normal donors an hour before venipuncture or by incubating PRP for 30 minutes at room temperature with 55 pg/mL ASA. ASA (Sigma) solution was prepared by dissolving 10 mg of ASA in 1 mL of absolute ethanol and then adding 10 mL of 140 mmol/L NaCI. One hundred microliters of this solution was added to 10 mL of PRP for the 30-minute incubation. Control platelet samples were treated identically except that ASA was omitted from the incubation solution.
Monoclonal antibody (MoAb) aperiments.
CPICPK and acerylsalicylic acid (ASA) wperiments.
RESULTS
In the presence of purified vWF multimers (100% antigen level), platelet [Ca2+Ii and aggregation increased in response to increasing levels of fluid shear stress. To corroborate the validity of the aggregation data measured optically in real-time, washed platelets were subjected to different shear stresses and the platelet number determined by an electronic particle counter. Figure 3 demonstrates that shear stress-induced aggregation measured as the percent reduction of the initial particle number correlates well with the extent of aggregation determined in the optically modified cone and plate viscometer; however, electronic particle counting is more sensitive for measuring the small aggregates that develop in the absence of exogenous vWF or at the lower shear In the absence of added vWF multimers, platelets demonstrated little increase of [Ca2+]i in response to shear stress (Fig 2) . However, aggregation at the higher shear stresses did increase significantly despite the absence of added purified v W F multimers (Figs 2 and 3) . This is the result of aggregation supported by shear stress-induced release of vWF from the platelet or-granules. 6 To determine if the quantity of exogenous vWF affects shear stress-induced responses, platelet [Ca2+]i in response to varying amounts of vWF multimers at a constant shear stress of 120 dynes/cm2 was examined. Shear stress-induced changes of [Ca2+Ii increased within a narrow range of vWF antigen levels, with an absent [Ca2+]i response at antigen levels less than 10% and the maximal [Ca2+li increase occurring at antigen levels between 30% and 50% (data not shown).
Time (seconds)
Chelation of extracellular ea2+ with 1 mmol/L EGTA completely inhibited changes in [Ca2+]i and aggregation of platelets subjected to a shear stress of 120 dynes/cm2 in the presence of exogenous vWF (Fig 4) . These results suggest that shear stress-induced increases of [Ca2+]i occur as a consequence of transmembranous influx of eaz+. To evaluate this directly, the influx of extracellular Mn2+, which occurs through the putative divalent cation channel responsible for ea2+ transport,21 was examined. Washed indo-1 loaded platelet suspensions were mixed with purified vWF multimers (100% antigen level) in buffer containing 2 mmol/L CaC12, and then subjected to a shear stress of 120 dynes/cm2. Increasing concentrations of MnC12 were added to this suspension immediately before the application of shear stress. Figure 5A shows that extracellular MnC12 inhibited the increase of [Ca2+li in response to vWF and shear stress; total inhibition was observed at 4 mmol/L extracellular Mn2+. Figure 5B shows that the inhibition of platelet aggregation, as occurred in the presence of extracel- lular EGTA (Fig 4) , also occurred under these conditions.
These results indicate that shear stress in the presence of vWF multimers initiates an influx of ea2+ that is associated with platelet aggregation.
To determine if the increase of [Ca2+Ii was produced by shear stress-induced leakage of the indo-1 fluorophore from platelets into the suspending medium, platelets were subjected to a fluid shear stress of 120 dynes/cm2 for 90 seconds, and then 2 mmol/L EGTA was injected into the suspensions in the viscometer. The addition of EGTA to the sheared platelet suspension caused no change in the fluorescence emission, indicating that shear stress-induced leakage of indo-1 was not producing signals (data not shown). To corroborate this, indo-1 loaded platelets were lysed and the resulting lysates were injected into platelet suspensions on the rotating viscometer. Injection of up to 10% (vol/vol) of the lysate from indo-1 loaded platelets (300,OoO/pL) caused no change in the calculated [Ca2+Ii (data not shown). This amount of lysis greatly exceeds the amount associated with levels of shear stress < 150 dynes/ cm2. [22] [23] [24] To examine the receptor specificity of platelet responses to vWF under shear conditions, [Ca2+Ii and aggregation were measured after the selective inhibition of vWF binding to either GPIb or GPIIb-IIIa. The importance of GPIb was first studied with ATA, which binds to vWF and blocks vWF binding to GPIb.13 At all slidar stresses examined, both [Ca2+Ii and aggregation responses were inhibited completely by 6 pg/mL ATA. Figure 6 , A and B, shows that, at a shear stress of 120 dynes/cm2 for 100 seconds, both [Ca2+Ii and the percent aggregation failed to change in response to purified vWF multimers (100% antigen level) after preincubation with ATA. To examine further the role of GPIb in shear stress-induced changes of [Ca2+Ii, experiments were performed using the anti-GPIb MoAb 6D1.16 Both [Ca2+Ii and aggregation responses to purified vWF multimers (100% antigen level) of platelet suspensions subjected to a shear stress of 120 dynes/cm2 were inhibited completely by 6 pg/mL 6D1 (Fig 6, C and D) .
We next examined the effect of the MoAb 10E5 (which binds to GPIIb-IIIa and inhibits vWF interaction with this GP complex17) on platelet [Ca2+]i and aggregation re- sponses to purified vWF multimers (100% antigen level) at a shear stress of 120 dynes/cm2. Figure 6 , C and D, shows that 10 Fg/mL 10E5 did not completely inhibit changes of [Caz+]i and platelet aggregation under these conditions. To corroborate this, platelets were pretreated with the tetrapeptide RGDS, which also binds to GPIIb-IIIa and blocks its interaction with vWF.'~,*~ Figure 6 , E and F, shows that 200 pmol/L RDGS also did not completely inhibit platelet [Caz+] , and aggregation responses to vWF at a shear stress of 120 dynes/cm2. The extent of the inhibition with RGDS was comparable to that observed with 10E5.
To evaluate the role of intact platelet cyclooxygenase activity and ADP released from the dense granules of activated platelets in vWF-mediated responses to shear stress, we measured the [Ca2+]i and aggregation responses to shear stress of platelet suspensions pretreated with ASA 117 or CP/CPK, respectively. Platelets treated with ASA (both in vivo or in vitro) did not differ from non-aspirinized platelets in either the [Ca2+Ii increase or the extent of platelet aggregation during the application of 120 dynes/ cm2 shear stress in the presence of purified vWF (data not shown). In contrast, CP/CPK inhibited platelet aggregation without inhibiting shear stress-induced changes of [Ca2+Ii (Fig 7) .
DISCUSSION
Experiments described in this report show that platelets respond to pathologic levels of shear stress (>30 dynes/ cm2) with both an increase of [Ca2+]i and aggregation. Shear stress-induced platelet responses require that exogenous vWF multimers (or vWF multimers released from platelets) bind to their platelet surface GP receptors. although the mechanism of GPIb-initiated signaling is not characterized. Studies of ristocetin-induced vWF/GPIb interactions show that platelet [Ca2+], increases as a consequence of vWF binding to GPIb, and that GFIIb-IIIa is not involved in the initiation of this process.% Additionally, the strong agonist thrombin binds to GPIb and removal of the involved fragment of GPIb results in a greatly decreased platelet response to low doses of thrombin.27 Data presented in this report, based on shear stress-induced vWF binding to platelet GPIb, suggest that GPIb, after its binding to vWF, attains the capacity to signal the translocation of extracellular Ca2+ into the platelet cytosol. The mechanism by which ligand binding to GPIb might open a platelet Ca2+ channel is unknown, and the structure of platelet plasma membrane Ca2+ channel(s), as well as their regulation and physiologic function, are poorly understood.28 Other investigators have suggested that platelet GPIIb-IIIa may be a Ca2+ channel or may be adjacent to a Ca2+ ~h a n n e 1 . 2~-~~ Additional evidence in support of this hypothesis comes from a recent report demonstrating that voltage-independent calcium currents in thrombin-stimulated platelet membranes are decreased when ligand binding to GPIIb-IIIa is blocked by an MoAb or the synthetic RGDS peptide?2 Our data showing that blocking the vWF binding site on GPIIb-IIIa of intact platelets suppresses (but does not eliminate) platelet [Ca2+], responses to vWF in the shear field (Fig 6) are consistent with the observations cited, However, it should be emphasized that the mechanism by which GPIIb-IIIa potentiates shear stressinduced platelet [Ca2+], responses is not defined. GPIIbIIIa is a binding site for vWF (that contributes to shear stress-induced aggregation) and may be a divalent cation channel, but the precise relationship between ligand binding GPIIb-IIIa and the platelet [Ca2+], response to shear stress is unknown.
Results of experiments presented here suggest that the activity of a platelet Ca2+ transporter is important when pathologic levels of arterial wall shear stress are generated, such as those occurring with acute vascular occlusion in areas of vasospasm, atherosclerotic constriction, or a ruptured atherosclerotic plaque. There are also data indicating that shear stress-regulated platelet Ca2+ channels may affect the development of chronic arterial occlusive disease. It has been reported that changes of basal platelet [Ca2+], correlate with levels of shear stress in the brachial artery of hypertensive humans, suggesting that the platelet [Ca2+], response to shear stress may contribute to the pathogenesis of chronic, as well as acute, arterial disease.33 Results of experiments presented here using the cone-plate viscometer suggest a common mechanism by which arterial wall shear stress influences the pathogenesis of both acute and chronic arterial vasoocclusive disease: shear stress modulates platelet aggregation by directly affecting the level of platelet [Ca2+],.
In summary, experiments presented here indicate that high levels of arterial wall shear stress ( > 30 dynes/cm2) induce plasma vWF to bind to platelet GPIb, and that this initiates the transmembranous influx of Ca2+ associated with platelet aggregation. This platelet response, which is not inhibited by ASA and is potentiated by a functional platelet GPIIb-IIIa complex, may mediate platelet aggregation at sites of arterial vasoocclusion. Elucidation of the molecular interactions regulating this pathway should provide the foundation for the development of new therapies for acute and chronic atherothrombotic diseases. For personal use only. on October 22, 2017. by guest www.bloodjournal.org From
